Parajuli N, MacMillan-Crow LA. Role of reduced manganese superoxide dismutase in ischemia-reperfusion injury: a possible trigger for autophagy and mitochondrial biogenesis? Am J Physiol Renal Physiol 304: F257-F267, 2013. First published November 28, 2012 doi:10.1152/ajprenal.00435.2012.-Excessive generation of superoxide and mitochondrial dysfunction has been described as being important events during ischemia-reperfusion (I/R) injury. Our laboratory has demonstrated that manganese superoxide dismutase (MnSOD), a major mitochondrial antioxidant that eliminates superoxide, is inactivated during renal transplantation and renal I/R and precedes development of renal failure. We hypothesized that MnSOD knockdown in the kidney augments renal damage during renal I/R. Using newly characterized kidney-specific MnSOD knockout (KO) mice the extent of renal damage and oxidant production after I/R was evaluated. These KO mice (without I/R) exhibited low expression and activity of MnSOD in the distal nephrons, had altered renal morphology, increased oxidant production, but surprisingly showed no alteration in renal function. After I/R the MnSOD KO mice showed similar levels of injury to the distal nephrons when compared with wild-type mice. Moreover, renal function, MnSOD activity, and tubular cell death were not significantly altered between the two genotypes after I/R. Interestingly, MnSOD KO alone increased autophagosome formation, mitochondrial biogenesis, and DNA replication/repair within the distal nephrons. These findings suggest that the chronic oxidative stress as a result of MnSOD knockdown induced multiple coordinated cell survival signals including autophagy and mitochondrial biogenesis, which protected the kidney against the acute oxidative stress following I/R. ischemia-reperfusion; manganese superoxide dismutase; oxidative stress; autophagy; mitochondrial biogenesis ACUTE KIDNEY INJURY (AKI) is one of the major causes of renal failure. Ischemia-reperfusion (I/R) injury, an event that occurs after a transient drop in total or regional blood flow to the kidney, is the most frequent intrarenal process of AKI in both native and transplanted kidneys (1, 7, 14) . The pathogenesis of renal I/R injury is multifactorial; clearly oxidative stress and mitochondrial alteration/dysfunction are notable mechanisms (4, 6, 7, 15, 59, 65) . Manganese superoxide dismutase (MnSOD) or SOD2 is a major mitochondrial antioxidant, which scavenges superoxide radicals that are generated within the mitochondria. Complete loss of this enzyme results in massive oxidative stress leading to neonatal death as evidenced from complete MnSOD KO mice (33, 36) . Numerous studies have reported the loss of MnSOD enzyme activity following I/R within the heart (2, 11, 26, 39, 61), liver (23, 48), and kidney (17). In fact, our laboratory showed that using the rodent I/R model, Mn-SOD was inactivated prior to the onset of renal damage, which suggests that oxidant generation/mitochondrial damage are upstream to renal damage (15). Thus it is logical to try and develop strategies to intervene with excessive generation of mitochondrial oxidants. Overexpression (endogenous or exogenous) or induction of MnSOD has been shown to offer protection from I/R-induced cellular damage in the heart, brain, liver, and kidney (11, 29, 47, 48, 61) . We and others have shown that ROS scavengers significantly protect against the renal I/R injury (8, 52, 63) . Thus it is clear that mitochondrial superoxide plays a role in the pathogenesis of I/R injury; however, direct evidence whether loss of MnSOD enzyme activity actually initiates renal cell injury during I/R is lacking.
ACUTE KIDNEY INJURY (AKI) is one of the major causes of renal failure. Ischemia-reperfusion (I/R) injury, an event that occurs after a transient drop in total or regional blood flow to the kidney, is the most frequent intrarenal process of AKI in both native and transplanted kidneys (1, 7, 14) . The pathogenesis of renal I/R injury is multifactorial; clearly oxidative stress and mitochondrial alteration/dysfunction are notable mechanisms (4, 6, 7, 15, 59, 65) . Manganese superoxide dismutase (MnSOD) or SOD2 is a major mitochondrial antioxidant, which scavenges superoxide radicals that are generated within the mitochondria. Complete loss of this enzyme results in massive oxidative stress leading to neonatal death as evidenced from complete MnSOD KO mice (33, 36) . Numerous studies have reported the loss of MnSOD enzyme activity following I/R within the heart (2, 11, 26, 39, 61) , liver (23, 48) , and kidney (17) . In fact, our laboratory showed that using the rodent I/R model, Mn-SOD was inactivated prior to the onset of renal damage, which suggests that oxidant generation/mitochondrial damage are upstream to renal damage (15) . Thus it is logical to try and develop strategies to intervene with excessive generation of mitochondrial oxidants. Overexpression (endogenous or exogenous) or induction of MnSOD has been shown to offer protection from I/R-induced cellular damage in the heart, brain, liver, and kidney (11, 29, 47, 48, 61) . We and others have shown that ROS scavengers significantly protect against the renal I/R injury (8, 52, 63) . Thus it is clear that mitochondrial superoxide plays a role in the pathogenesis of I/R injury; however, direct evidence whether loss of MnSOD enzyme activity actually initiates renal cell injury during I/R is lacking.
Recently, we developed and characterized a novel kidneyspecific MnSOD KO mouse line that exhibited low MnSOD expression and activity within the distal nephron (distal tubules, loops of Henle, and collecting ducts), displayed increased renal injury (tubular dilation, cell swelling, casts in lumen) and oxidant production (nitrotyrosine accumulation) even without I/R (44) . Therefore, we hypothesized that these MnSOD KO mice will sustain greater renal damage and will exacerbate overt renal function following renal I/R. MnSOD knockdown within the distal nephron did not aggravate cellular damage and overall renal function following I/R. Interestingly, the chronic oxidative stress as a result of MnSOD KO (without I/R) was found to induce autophagy and mitochondrial biogenesis within the distal nephron, which could explain the lack of additive injury following I/R.
MATERIALS AND METHODS

Mice
The kidney-specific MnSOD knockout (KO) mice and littermate wild-type (WT) controls (Kidney Cre) mice were used in this study as recently described (44) . MnSOD KO mice were generated by crossing Ksp-cadherin-Cre mice (57) that express cre specifically in distal nephrons (distal tubules, loops of Henle, and collecting ducts) with MnSOD flox mice (24) . These novel kidney-specific MnSOD KO mice exhibit low expression and activity of MnSOD in distal nephrons (distal tubule, loops of Henle, and collecting duct), have altered renal morphology, display increased oxidant production (nitrotyrosine) in the kidney, but surprisingly show no alteration in renal function. Mice were maintained according to the criteria outlined in the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH). All of the animal protocols were approved by the Institutional Animal Care and Use Committee at the University of Arkansas for Medical Sciences.
I/R Injury
I/R injury surgery was done in mice as described (52) . Briefly, a right nephrectomy was performed so that renal function reflects the function of the left kidney alone. The left renal artery and vein were clamped for 40 min and then released. At the end of the reperfusion (18 h), the animals were anesthetized (isoflurane), the left kidney removed, and blood collected from the inferior vena cava.
Experimental Groups
I/R group. Mice were subjected to a right nephrectomy and renal artery occlusion (40 min) followed by 18 h reperfusion (n ϭ 7; both WT and MnSOD KO strains). Another group of mice were subjected to a shorter (20 min) ischemic period.
Sham-operated group. Mice underwent identical surgery (nephrectomy), but without the I/R episode (n ϭ 7).
Serum Creatinine Assay
Serum creatinine was determined using a modified Jaffe's method (Pointe Scientific, Canton, MI) in a Cobas Mira clinical analyzer (Roche Diagnostics, Indianapolis, IN). The values were expressed as milligrams per deciliter.
Kidney Morphology Based on Periodic Acid-Schiff Staining
Renal sections were assessed for tissue injury using the periodic acid-Schiff (PAS) reaction as described (44) . Evaluation was con- ducted (in a blinded fashion) based on the following criteria: tubular dilation; casts in lumen; cell swelling/enlargement; loss of tubular brush border; and epithelial cell flattening. All parameters were graded on a scale of 0 ϭ no lesion; 1 ϭ minimal change; 2 ϭ mild change; and 3 ϭ prominent change. Cumulative comparisons were made between the genotypes (WT and MnSOD KO). In addition, the same sections were evaluated for intensity of damage in the proximal tubule vs. the distal nephron segments. The final renal injury scores of proximal tubules and distal nephrons were averaged and also reported. All images were taken using a Nikon Eclipse E800 microscope (Q Capture imaging and Nikons Elements software).
Immunohistochemistry
Immunohistochemical analysis was done as described (44) . The primary antibodies against anti-nitrotyrosine (1:6,000; Millipore), anti-LC3 AB (1:10,000; NOVUS), anti-MnSOD, (1:250, Millipore), anti-OxPhos Complex IV subunit I (COXI, 1:1,000; Invitrogen), anti-ATP5B (1:500; Santa Cruz), anti-proliferating cell nuclear antigen (1:200; Dako), and anti-neutrophil gelatinase-associated lipocalin (NGAL, 1:500; Abcam) were prepared in antibody diluent solution (0.5% nonfat dry milk and 1% BSA in TBS) and incubated overnight at 4°C. The specificity of nitrotyrosine antibody binding in the renal tissue was confirmed by blocking the antibody with 3-nitrotyrosine (10 mM). Immunoreactivity was detected by Dako Envisionϩ System-HRP or Animal Research Kit (Dako). Counterstaining was performed with Mayer's Hematoxylin (Electron Microscopy Science). All images were taken using a Nikon Eclipse E800 microscope (Q Capture imaging and Nikons Elements software). Semiquantitative evaluation on nitrotyrosine staining was performed as described (44) .
TUNEL Assay
For visualization of apoptotic cells in situ terminal transferasemediated dUTP nick-end labeling (TUNEL) method was utilized according to the protocol provided by the manufacturer (TACS TdT Kit, R&D Systems). Counterstaining was performed with methyl green solution. Seven different fields (20X) (3 cortex, 2 outer medulla, 2 inner medulla) from each mouse kidney section were considered for evaluation. TUNEL-positive cells from each field were grouped in two nephron segments, namely proximal tubule (glomerulus and proximal tubules) and distal nephrons (distal tubule, loops of Henle, and collecting ducts) and the average was reported.
Renal Extract Preparation
Renal extracts were made from frozen tissue as described (52) . Protein concentrations were determined by Coomassie Plus Protein Assay Reagent (Pierce).
Western Blot Analysis
Western analysis was performed using antibodies against LC3 A/B (1:1,000, Novus) which detects LC3 I and II proteins; Atg5 (1:1,000, Cell Signaling), which detects Atg5 and Atg12 complex; and GAPDH (1: 1,000, Millipore). Probed membranes were washed three times, and immune-reactive proteins were detected using horseradish peroxidaseconjugated secondary antibodies and enhanced chemiluminescence.
MnSOD Activity
Enzymatic activity of MnSOD was determined in renal extracts by the cytochrome c reduction method in the presence of 1 mM KCN to inhibit Cu,Zn SOD activity (40) .
Citrate Synthase Activity Assay
Citrate synthase (CS) activity was determined in renal extracts following the reduction of 5,5-dithiobis(2-nitrobenzoicacid) (Sigma) in a coupled reaction with acetyl coenzyme A (Roche) and oxaloacetate (Sigma) at 412 nm (45) .
Statistical Analysis
Results are presented as means Ϯ SE. One-way analysis of variance (ANOVA) was used to compare differences in mean between two groups at 95% level of confidence using GraphPad Prism 4.0 software. Differences with a P value Ͻ 0.05 were considered statistically significant.
RESULTS
Renal Dysfunction
Mice were exposed to 40 min ischemia followed by 18 h of reperfusion. As expected, both kidney-specific MnSOD KO (KO) and Kidney Cre (wild type, WT) mice showed significant elevation of serum creatinine after I/R compared with the respective sham (right nephrectomy alone) (Fig. 1A) . However, the serum creatinine levels after I/R were not significantly different between the two genotypes. Consistent with the serum creatinine data, another tubular injury marker, NGAL expression, was equally increased following I/R (40 min) in both genotypes (Fig. 1B) . A milder model of ischemia (20 min instead of 40 min) was also utilized to determine whether less severe ischemia might permit discrimination of renal injury between genotypes. Similar to 40 min ischemia, there was no difference in the serum creatinine (mg/dl; WT, 0.77 Ϯ 0.27 vs. KO, 0.57 Ϯ 0.22) or NGAL expression after 20 min ischemia.
Histological Evidence of Renal Damage
Although MnSOD knockdown failed to increase serum creatinine or NGAL levels after I/R compared with WT animals, it was important to assess the amount of tubular damage contributed by MnSOD loss using a histochemical approach, especially since MnSOD knockdown is only observed in the distal nephrons. As shown in previous reports (15, 52) and in these experiments, I/R induced marked tubular damage in both WT and MnSOD KO mice (Fig. 2, A and B) . Similar to our earlier report (44) , sham kidneys of KO mice showed greater cast formation, tubular dilation, and cell swelling ( Fig. 2A, g-i) compared with sham WT mice ( Fig. 2A, a-c) . Since, MnSOD knockdown was observed only in distal nephrons, a separate evaluation of different nephron segments with regard to MnSOD expression was performed, which showed proximal tubules and distal nephrons contributed equally to I/R-mediated renal damage (Fig. 2C) .
MnSOD Inactivation
As expected the sham kidneys of the MnSOD KO mice showed ϳ60% reduction in MnSOD enzymatic activity (Fig. 3) . In addition, I/R induced MnSOD inactivation in WT mice (Fig. 3) ; however, no significant difference was noted following I/R in the KO mice.
Nitrotyrosine Protein Accumulation
Previous reports from our laboratory and others have shown the accumulation of nitrotyrosine protein (marker of oxidative stress) in the kidney after I/R (15, 32, 36, 47, 52) . Therefore, to evaluate whether MnSOD knockdown augmented the accumulation of nitrotyrosine protein following I/R, immunohistochemical localization of nitrotyrosine was performed. Similar to the previous reports, I/R induced significant accumulation of nitrotyrosine protein in the WT mice (Fig. 4, A, a-f; and B). Consistent with our earlier report on MnSOD KO mice (44), nitrotyrosine was significantly increased in sham kidneys from MnSOD KO mice ( 
A, g-i; and B).
MnSOD KO mice did not show a further increase in nitrotyrosine following I/R. Interestingly, even though a significant level of nitrotyrosine staining was observed following I/R in the WT mice (Fig. 4A, d-f ), this increased nitrotyrosine staining was significantly lower than the sham (Fig. 4A, g-i) or I/R kidneys (Fig. 4A, j-l) of KO mice.
Renal Cell Death
To assess whether MnSOD knockdown in distal nephrons exacerbate renal cell death following I/R, in situ TUNEL assay was performed. As expected, the total number of TUNEL-positive nuclei was significantly increased after I/R in both genotypes (Fig. 5, A  and B) . However, increased TUNEL-positive nuclei after I/R was not significantly different between the two genotypes. To determine whether cell death showed a differential effect between different nephron segments, TUNEL-positive nuclei were counted in two different segments of nephrons: 1) proximal tubules including the glomerulus, and 2) distal nephrons (distal tubules, loops of Henle and collecting ducts). Proximal tubules showed a greater number of TUNEL-positive cells compared with the distal nephron segments following I/R; however, no difference between genotypes after I/R was observed. 
Autophagy
All of the above results indicated that the loss of MnSOD in distal nephrons failed to augment renal I/R-mediated cell death, or renal dysfunction. This prompted the development of our alternate hypothesis that MnSOD knockdown could alter cell protective mechanisms within discrete renal cells, which might blunt renal dysfunction following I/R. Mitochondrial superoxide has been shown to induce autophagy pathways (9, 34) . Autophagy involves lysosome-dependent degradation of damaged cytoplasmic constituents (cytotoxic protein aggregates and dysfunctional organelles) sequestered by autophagosomes (18, 41, 43, 64) . During stress or nutrient-deprived conditions, the cytoplasmic form of microtubule-associated protein light chain 3 (LC3 I) is processed into a lipidated LC3 II form that is incorporated into the phagophore membrane to form an autophagosome (27, 28) . Therefore, LC3 II/LC3I ratio is considered as a marker of autophagosome formation. Since MnSOD is deleted from distal nephron segment of the KO mouse kidney, LC3 localization using immunohistochemistry was evaluated with regard to MnSOD expression. Interestingly, immunohistochemistry revealed that total LC3 protein (LC3 I and LC3 II) was heavily localized to the distal nephrons, which exhibited low MnSOD protein in the KO kidney controls (without I/R) [ Fig. 6 A, a-f (for LC3) and g-l (for MnSOD)]. Only a few proximal tubules in the cortex or outer medullar region showed increase of total LC3 protein. LC3 Western blot evaluation showed a significant conversion of LC3 I to LC3 II in the kidneys from sham KO mice compared with the WT kidneys (Fig. 6B) . Similar to the LC3 protein, Atg5 Western blot showed increased level of Atg5 (a marker for autophagosome initiation complex) (42, 62) in the KO mice (Fig. 6C) .
Mitochondrial Biogenesis
Mitochondrial biogenesis is initiated by cells as an adaptive response during stressful conditions, including oxidative stress, to maintain cellular energy demand. This process also helps restore mitochondrial mass and function following degradation of mitochondria (mitophagy) (12, 46, 67) . Since the kidney-specific MnSOD KO mice displayed normal renal function despite mitochondrial oxidative stress burden (44) , it is possible that the MnSOD knockdown in the renal cells triggered mitochondrial alterations to compensate for the elevated cellular stress. To further confirm that MnSOD knockdown altered mitochondrial protein synthesis, immunohistochemical detection of both, a mitochondrial DNA encoded mitochondrial protein (Complex IV subunit I or COXI), and a nuclear DNA encoded mitochondrial protein (ATP5B), was performed. Figure 7A shows endogenous levels of COXI (Fig. 7A, a-c) , and ATP5B (Fig. 7A, g-i (Fig. 6A, a-f) , the elevated COXI and ATP5B levels were localized to the distal nephron where significant MnSOD knockdown was evident as shown in Fig. 6A, g-l. CS, a nuclear genome-encoded mitochondrial matrix protein, functions as a pace-making enzyme in the citric acid cycle. CS activity is considered a biomarker for mitochondrial mass and function, and thus an increase in CS activity indicates mitochondrial biogenesis (66) . Interestingly, renal homogenates from Mn-SOD KO mice showed ϳ20% increase in citrate synthase activity compared with that of WT mice (Fig. 7B) .
Proliferation
Since MnSOD KO mice (without I/R) did not show TUNELpositive cells in the distal nephrons (Fig. 5) , we evaluated whether these KO mice displayed DNA replication/repair within the distal nephrons. Proliferating cell nuclear antigen (PCNA) is a central protein for both DNA replication and repair and is used to assess cellular proliferation (19, 53, 58) . Interestingly, MnSOD knockdown induced significant increase of PCNA-positive nuclei in distal nephrons (Table 1) .
DISCUSSION
Recently, we showed in kidney-specific MnSOD KO mice that the oxidative stress due to decreased MnSOD activity triggered sublethal tubular injury (tubular dilation, cell swelling, and casts formation) in the distal nephrons without an increase in apoptosis/necrosis (44) . In this report these novel MnSOD KO mice were exposed to I/R to assess the contribution of reduced MnSOD activity in triggering renal damage during I/R injury. Contrary to our expectation, MnSOD knockdown in the distal nephrons did not augment renal dysfunction, oxidant production, or cell death following I/R (Figs. 1, 4 , and 5). These results lead to the obvious question as to why kidneys were not more injured in the MnSOD KO mice following I/R? Recently, ROS have been shown to induce autophagy (a selfdegradation process), which can modulate the fate of the cell during oxidative stress or nutrient deprivation (34, (54) (55) (56) . In vitro studies show that superoxide is a major ROS regulating autophagy, and this pathway is altered by MnSOD (9, 10). Therefore, we sought to determine whether MnSOD knockdown led to induction of autophagy in our kidney model. Intriguingly, loss of MnSOD activity in the distal nephrons accounted for the induction of autophagosomes formation (increase of LC3II/ LC3I ratio and Atg5) in the tubular compartments of the KO kidney (without I/R) (Fig. 6) . Autophagy is often enhanced following renal I/R and is considered to be renoprotective (13, 25) . However, a few reports indicate that high turnover of autophagy is detrimental to renal cells after I/R (35, 60) . Conversely, we believe that the extent of autophagy observed following chronic MnSOD knockdown was not severe enough to induce renal cell death, since a significant increase of LC3 II and Atg5 (without I/R) in the MnSOD KO mice did not increase TUNEL staining compared with the WT mice (Figs. 5 and 6 ). These data suggest that mitochondrial oxidants following MnSOD knockdown might protect the kidney from I/R-mediated damage through induction of autophagy.
Normally, ROS-forming mitochondria are detrimental to cells; therefore, for quality control, these defective mitochondria are frequently cleared by autophagy/mitophagy pathway, followed by induction of mitochondrial biogenesis to restore mitochondrial mass and function (30, 31, 49, 50) . Mitochondrial biogenesis is a process of growth and division of preexisting mitochondria that involves the coordinated action of both the nuclear and mitochondrial genomes (67) . Since MnSOD knockdown lead to increased autophagy, it was equally important to determine whether mitochondrial biogenesis was also increased. Citrate synthase (CS) activity, a common indicator of mitochondrial mass, was increased (ϳ20%) in renal homogenates of MnSOD KO mice (Fig.  7A) . Increased CS activity has been observed during pathological conditions to compensate for disrupted mitochondrial mass/ function (66) . Since normal functioning mitochondria depend both on mitochondrial-and nuclear-DNA-encoded mitochondrial proteins, we evaluated ATP5B (nuclear encoded) and COX subunit I (mitochondrial encoded) protein expression following MnSOD knockdown. As clearly depicted in Fig. 7 , both of these mitochondrial proteins were increased within the distal nephron, suggesting that loss of MnSOD in these cell types induced mitochondrial biogenesis. Some proximal tubules also exhibited induction of biogenesis; however, this was not as prevalent as the induction noted in the distal nephron segment. The literature suggests that proximal tubules are very sensitive to oxidative stress, especially in the outer medullar region. It is also known that there is a close cross-talk between proximal tubules and distal nephrons. We believe that the oxidative stress resulting from MnSOD knockdown in distal nephrons also influenced proximal tubules in these cortical and medullary regions, thereby triggering autophagy induction and weak biogenesis. Another interesting observation was the significant increase of proliferating cell nuclear antigen (PCNA)-positive nuclei in the distal nephrons of KO mice (Table 1) . Besides replication, PCNA is also shown to be expressed in the nucleus during DNA repair (19) . An increase in cellular proliferation could partially explain why these KO kidneys (without I/R) did not display TUNEL staining despite exhibition of significant oxidative stress in the distal nephrons.
Given the increased oxidative stress, autophagy, mitochondrial biogenesis, and proliferation (PCNA) observed in the MnSOD KO mice, it appears that the KO mice have stable autophagy/ mitophagy, as well as compensatory mitochondrial biogenesis, and DNA replication/repair processes, which could explain the lack of augmented injury following I/R reported in the current study. In addition, these new findings can also help explain the lack of overt renal dysfunction in our distal nephron-specific MnSOD KO mouse model (44) . This indicates that mitochondrial oxidants stimulate multiple but coordinated signaling pathways (nuclear and mitochondrial) to confer cellular resistance against oxidative stress in kidneys with reduced MnSOD activity. However, it is not clear yet how these multiple adaptive processes are coordinated. Future studies using the kidney-specific MnSOD KO mice are needed to address these important issues with regard to assessment of mitochondrial damage (e.g., mitochondrial DNA damage, electron transport chain dysfunction) which could initiate induction of mitophagy and mitochondrial biogenesis.
Studies from tissue culture and animal models suggest that proximal tubules (specifically the S3 segment) are important targets of oxidative stress-mediated acute injury leading to tubular necrosis following I/R (3, 16, 37, 38) . Consistent with these observations, both genotypes showed a similar level of tubular necrosis in the proximal tubules following I/R (Fig. 2,  A and B) , which is likely due to the lack of MnSOD knockdown in proximal tubules. Therefore, one limitation of this KO model was that it failed to assess the contribution of MnSOD activity within proximal tubules and glomeruli following I/R. Values are presented as means Ϯ SE. Proliferating cell nuclear antigen (PCNA)-stained immunohistochemical slides from control kidneys were further stained with periodic acid-Schiff reagent. PCNA-positive nuclei were counted in two segments of nephron: 1) proximal tubules and glomeruli, and 2) distal nephron (distal tubule, loops of Henle, collecting duct), considering 10 different fields per mice (n ϭ 6, each group). *P Ͻ 0.05, wild-type (WT) distal nephron vs. MnSOD knockout (KO) distal nephron; †P Ͻ 0.05, KO distal nephron vs. KO proximal tubule and glomerulus.
Generation of newer animal models that try to mimic clinical scenarios and outcomes could serve as invaluable tools to study pathological changes during diseases. This is the first in vivo kidney-specific MnSOD KO model that showed the ablation of the MnSOD gene within the distal nephron (44) . In addition, the current study highlights the importance of comprehensive characterization of new transgenic mouse models. Clearly, this kidney-specific MnSOD KO model showed profound compensatory responses (autophagy, mitochondrial biogenesis, and cell proliferation) downstream to MnSOD knockdown, a finding that could result in erroneous conclusions regarding the impact related to MnSOD knockdown. Therefore, these kidney-specific MnSOD KO mice could serve as a unique model of chronic oxidative stress in studying the multifaceted pathobiology and signaling pathways that are involved with MnSOD loss/inactivation. Furthermore, this mouse model appeared to mimic the pathology associated with the obstructed kidney following I/R, which is characterized by dilated distal tubules and collecting ducts filled with cellular and acellular casts (5, 22) . Surprisingly, this increase of tubular obstruction in the KO kidney did not cause additional renal dysfunction compared with WT mice (Fig. 1 ). This could be explained partly because of the distant anatomical location of distal nephrons to the glomerulus (51) , and to the rapid regenerating power of distal nephrons in response to an acute insult or injury (5) . Another possibility is the ability of distal nephron cells to produce hormones and growth factors that are sometimes essential for the survival/function of proximal tubule cells (20, 21) . Nevertheless, these KO mice could possibly serve as a potential model in studying the pathobiology of acute renal obstruction in the distal nephrons following renal I/R and/or the oxidative stress.
In summary, MnSOD knockdown accounted for an increased sublethal tubular injury (evidenced as tubular dilations and casts formation in the lumen) in the distal nephrons of the MnSOD KO mice compared with the WT mice. However, in contrast to our hypothesis, these tubular injuries did not augment the renal dysfunction and cellular damage following I/R in MnSOD KO mice. Interestingly, evidence of increased autophagosome formation and mitochondrial biogenesis was observed in the distal nephrons of the MnSOD KO mice kidney (without I/R), correlating nicely with the loss of MnSOD. Clearly, these findings strongly suggest that the chronic oxidative stress as a result of MnSOD knockdown (without I/R) stimulated multiple coordinated cell survival strategies (autophagy, mitochondrial biogenesis, and proliferation), which likely offered continual resistance to the acute oxidative stress following I/R.
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